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ABSTRACT

Based on a unique experimental technique, measurement results
are presented on the passive, remote sensing of the optical
modulation transfer function of desert atmospheres (MTF,),
including the DC, low and high spatial cutoff frequency components
which are attributed to contrast, aerosol, and turbulence,
respectively. In particular, use of this technique has made it
possible, for the first time, to directly measure the low spatial
frequency cutoff of the aerosol component. This technique is based
on utilizing digital image processing of remote video scenes which
include two, optically identical, castellated targets which are
located at different distances and are contrasted against the
horizon sky. Ratios of apparent contrast and FFT calculations are
used to determine the MTF, components, including the spatial cutoff
frequencies of the aerosol and turbulence components, independent
of the imaging system and actual properties of the targets. The
experimental technique is described along with current MTF,

component measurements.
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LIST OF FIGURES

Figure

1.
2.

Two target emplacement for MTF, measurements.

Camera view of the targets located at one and two
km. respectively.

The top photo (a) shows the CCD digital video
camera with telescopes. Photo (b) shows the PC-AT
used to control that camera and to record and
analyze the digitized image.

The above photo shows one of the two castellated
targets measuring 2.24 m?, mounted on vertical rails
to a 13 m. tower. A motor driven winch is used to
lift and lower the target.

Data from the morning of August 21, 1992: (a)
line pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, MTF,, derived from the
ratio of far target FFT to the near target FFT.
Values for f., t, and MTF,, are included. The pixel
(a) and FFT (b) data on the 1left and right
corresponds to the near and far target,
respectively.

Data from the noon of August 21, 1992: (a) line
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, MTF,, derived from the
ratio of far target FFT to the near target FFT.
Values for f., t, and MTF,, are included. The pixel
(a) and FFT (b) data on the 1left and right
corresponds to the near and far target,
respectively.
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Figure

7.

10.

Data from the morning of November 21, 1992: (a)
line pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, MTF,, derived from the
ratio of far target FFT to the near target FFT.
Values for f., T, and MTF,, are included. The pixel
(a) and FFT (b) data on the 1left and right
corresponds to the near and far target,
respectively.

Data from the noon of November 21, 1992: (a) line
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, MTF,, derived from the
ratio of far target FFT to the near target FFT.
Values for f., t, and MTF,, are included. The pixel
(a) and FFT (b) data on the 1left and right
corresponds to the near and far target,
respectively.

Data from the morning of August 21, 1992: (a)
line pixel values of castellated black/white
stripes for both targets; (b) normalized spatial
freuency response of both tarets based on the
corresponding pixel values shown; (c) tubulence
MTF,, MTF,, derived from the ratio of the far to
near target frequency response. The pixel values
(a) and frequeny data (b) on the left and right
corresponds to the near and far target,
respectively.

Data from the noon of August 21, 1992: (a) line
pixel values of castellated black/white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the
conrresponding pixel values shown; (c) turbulence
MTF,, MTF,, derived from the ratio of far to near
target frequency response. The pixel values (a)
and frequeny data (b) on the 1left and right
corresponds to the near and far target,
respectively.
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Figure

11.

12,

Data from the morning of November 21, 1992: (a)
line pixel values of castellated black/white
stripes for both targets; (b) normalized spatial
frequency response of both targets based on the
conrresponding pixel values shown; (c) turbulence
MTF,, MTF,, derived from the ratio of the far to
near target frequeny response. The pixel values
(a) and frequency data (b) on the left and right
corresponds to the near and far target,
respectively.

Data from the noon of November 21, 1992: (a) line
pixel values of castellated black/white stripes for
both targets; (b) normalized spatial frequency
response of both targets base on the conrresponding

pixel values shown; (c) turbulence MTF,, MTF,,
derived from the ratio of the far to near target
frequeny response. The pixel values (a}) and

frequency data (b) on the 1left and right
corresponds to the near and far target,
respectively.
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LIST OF FIGURES
APPENDIX A

Figure

i.

Data from 7:00 AM of August 25, 1993: (a) line
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included.

Data from 7:00 AM of August 25, 1993: (a) line
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f., for MTPF, is
included.

Data from 9:30 AM of August 25, 1993: (a) line
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t. and MTF,, are included.

Data from 9:30 AM of August 25, 1993: (a) line
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f., for MTF, is
included.

Data from 12:00 PM of August 25, 1993: (a) 1line
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t©, and MTF,, are included.
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Figure

6.

10.

Data from 12:00 PM of August 25, 1993: (a) line
pixel values of castellated black-white stripes for

both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f.., for MTF, is
included.

Data from 7:50 AM of July 10, 1993: (a) line pixel

values of the black-white steps for both targets;
(b) normalized, line FFTs of both targets based on
the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included.

Data from 7:50 AM of July 10, 1993: (a) line pixel
values of castellated black-white stripes for both
targets; (b) normalized spatial frequency response
of both targets based on the corresponding pixel

values shown; (c) turbulence, MTF,, derived from
the ratio of the far to near target frequency
response. Cutoff frequency, f_., for MTF, |is
included.

Data from 8:30 AM of July 10, 1993: (a) line pixel
values of the black-white steps for both targets;

(b) normalized, line FFTs of both targets based on

the corresponding pixel values shown; (c)

normalized aerosol MTF,, derived from the ratio of

far target FFT to the near target FFT. Values for

f., t, and MTF,, are included.

pata from 8:30 AM of July 10, 13993: (a) line pixel
values of castellated black-white stripes for both

targets; (b) normalized spatial frequency response

of both targets based on .‘he corresponding pixel

values shown; (c) turbulence, MTF,, derived from

the ratio of the far to near target frequency

response. Cutoff frequency, f., for MTP, is

included.
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Figure

11.

12.

13.

14.

15.

Data from 11:30 AM of July 10, 1993: (a) line
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included.

Data from 11:30 AM of July 10, 1993: (a) line
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTPF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f.., for MTF, is
included.

Data from 7:35 AM of June 26, 1993: (a) line pixel

values of the black-white steps for both targets;
{b) normalized, lire FFTs of both targets based on
the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included.

pData from 7:3% AM of June 26, 1993: (a) line pixel
values of castellated black-white stripes for both

targets; (b) normalized spatial frequency response

of both targets based on the corresponding pixel

values shown; (c) turbulence, MTF,, derived from

the ratio of the far to near target frequency

response. Cutoff frequency, f., for MTPF, Iis

included.

Data from 8:45 AM of June 26, 1993: (a) line pixel

values of the black-white steps for both targets;
(b) normalized, line FFTs of both targets based on
the corresponding pixel values shown; {c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f.. T, and MTF,, are included.
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Figure Page
16. Data from 8:45 AM of June 26, 1993: (a) 1line 61
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency

response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency

response. Cutoff frequency, f., for MTF, is
included.
17. Data from 12:00 PM of June 26, 1993: (a) line 62

pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both turgets
based on the corresponding pixel values shown; (c)
normalized aerosol MTZ#,, derived from the ratio of
far target FFT to the near target FFT. Values for
f.. t, and MTF,, are included.

18. Data from 12:00 PM of June 26, 1993: (a) line 63

pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f., for MTF, is
included.

19. Data from 10:30 AM of June 12, 1993: (a) line 64
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FPFT. Values for
f., t, and MTF,, are included.

20. Data from 10:30 AM of June 12, 1993: (a) line 65

pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f., for MTF, is
included.
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Figure Page

21. Data from 11:27 AM of June 12, 1993- ‘1) line €6
pixel values of the black-white s.eps for both
targets; (b) normalized, line FFTs of both targets

based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FPT. Values for
f., t, and MTF,, are included.

22. Data from 11:27 aAM of June 12, 1993: (a) line 67

pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f., for MTF, is
included.

23. Data from 10:00 aAM of April 17, 1993: (a) line 68
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t©, and MTF,, are included.

24. Data from 10:00 AM of April 17, 1993: (a) line 69

pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f.., for MTF, is
included.

25. Data from 12:00 PM of April 17, 1993: (a) line 70
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., 7, and MTF,, are included.




Figure Page

26. Data from 11:30 AM of April 17, 1993: (a) line 71

pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f... for MTF, is
included.

27. Data from 11:15 AM of April 17, 1993: (a) line 72
pixel values of the black-white steps for both
targets; (b) normalized, line FFTsS of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included. Focus on near
target.

28. Data from 11:15 AM of April 17, 1993: (a) line 73

pixel values of castellated black-white stripes for
both targets; ({b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f.., for MTF, 1is
included. Focus on near target.

29. Data from 11:20 AM of April 17, 1993: (a) line 74
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included. Focus beyond near
target.

30. Data from 11:20 AM of April 17, 1993: (a) 1line 75

pixel values of castellated black-white stripes for
both targets; {b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequeuncy
response. Cutoff frequency, f.., for MTF, is
included. Focus beyond near target.
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Figure

31.

32.

33.

34.

35.

Data from 11:40 AM of April 17, 1993: (a) line
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FPFT. Values for
f., ©, and MTF,, are included. FPocus closer than
near target.

Data from 11:40 AM of April 17, 1993: (a) line
pixel values of castellated black-white stripes for
both targets; (b) anormalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f., for MTF, is
included. Focus closer than near target.

Data from 10:00 AM of February 27, 1993: (a) line
pixel values of the black-white steps for both
targets; (b) normalized, line FPTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included.

Data from 10:00 AM of February 27, 1993: (a) line
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f£f.. for MTF, is
included.

Data from 12:00 PM of February 27, 1993: (a) line
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f.. T, and MTF,, are included.
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Figure

36.

37.

38.

39.

40.

Data from 12:00 PM of February 27, 1993: (a) line
pixel values of castellated black-white stripes for

both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f.. for MTF, is
included.

Data from 9:00 AM of December 22, 1992: (a) line
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included.

Data from 9:00 AM of December 22, 1992: (a) line

pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, £... for MTF, |is
included.

Data from 9:57 AM of December 22, 1992: (a) line
pixel wvalues of the black-white steps for both
targets; (b) normalized, line FFT: of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included.

Data from 9:57 AM of December 22, 1992: (a) 1line
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, £f., for MTF, is
included.
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Figure

41.

42.

43.

44.

45.

Data from 11:00 AM of December 22, 1992: (a) line
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FPFT. Values for
f., t, and MTF,, are included.

Data from 11:00 AM of December 22, 1992: (a) line
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f., for MTP, is
included.

pData from 7:00 AM of November 21, 1992: (a) line
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included.

Data from 7:00 AM of November 21, 1992: (a) line
pixel values of castellated black-white stripes for

both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f., for MTP, is
included.

Data from 12:00 PM of November 21, 1992: (a) line
pixel wvalues of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., T, and MTF,, are included.
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Figure Page
46. Data from 12:00 PM of November 21, 1992: (a) line 91
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency

response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency

response. Cutoff frequency, f.., for MTF, is
included.
47. Data from 8:00 AM of October 31, 1992: (a) line 92

pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included.

48. Data from 8:00 AM of October 31, 1992: (a) line 93

pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f., for MTF, is
included.

49. Data from 9:30 AM of October 31, 1992: (a) line 94
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included.

50. Data from 9:30 AM of October 31, 1992: (a) line 95
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency

response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, £f., for MTF, is
included.
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Figure Page

51. Data from 7:00 AM of October 17, 1992: (a) line 96
pixel values of the black-white steps for both
targets; ' (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included.

52. Data from 7:00 AM of October 17, 1992: (a) line 97
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency

response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTPF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f., for MTF, is
included.

53. Data from 9:00 AM of October 17, 1992: (a) line 98
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included.

54. Data from 9:00 AM of October 17, 1992: (a) line 59

pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f., for MTF, is
included.

55. Data from 7:00 AM of September 5, 1992: (a) line 100
pixel wvalues of the black-white . .eps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f.. T, and MTF,, are included.
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Figure

56.

57.

58.

59.

60.

Data from 7:00 AM of September S5, 1992: (a) line

pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratic of the far to near target frequency
response. Cutoff frequency, f., for MTP, is
included.

Data from 9:30 AM of September 5, 1992: (a) 1line

pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included.

Data from 9:20 AM of September 5, 1992: (a) line
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f£f., for MTF, is
included.

Data from 2:00 PM of September 5, 1992: (a) line

pixel wvalues of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included.

Data from 11:00 AM of September 5, 1992: (a) line
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, £f., for MTF, is
included.
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Figure

61.

62.

63.

64.

65.

Data from 7:00 AM of August 26, 1992: (a) line
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the curresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included.

bData from 7:00 AM of August 26, 1992: (a) line
pixel values of castellated black-white stripes for

both targets; {b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f., for MTF, is
included.

Data from 9:30 AM of August 26, 1992: (a) line
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FPFT to the near target FFT. Values for
f., t, and MTF,, are included.

Data from 9:30 AM of August 26, 1992: (a) line
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f.., for MTF, |is
included.

Data from 12:00 PM of August 26, 1992: (a) line
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t©, and MTF,, are included.

Page

106

107

108

109

110




Figure

66.

67.

68.

69.

70.

Data from 12:00 PM of August 26, 1992: (a) line
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTP,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f£., for MTF, is
included.

pata from 7:00 AM of August 25, 1992: (a) line
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included.

Data from 7:00 AM of August 25, 1992: (a) line
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f.., for MTF, is
included.

Data from 9:30 AM of August 25, 1992: (a) line
pixel wvalues of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included.

Data from 9:30 AM of August 25, 1992: (a) line
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency

response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency

response. Cutoff frequency, f£f.,, for MTF, is -

included.
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Figure Page

71. Data from 12:00 PM of August 25, 1992: (a) line 116
pixel values of the black-white steps for both
targets; (b) normalized, line FPTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTP,, derived from the ratio of
far target FPFT to the near target PFT. Values for
f., T, and MTF,, are included.

72. Data from 12:00 PM of August 25, 1992: (a) line 117
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency

response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f... for MTF, is
included.

73. Data from 7:00 AM of August 21, 1992: (a) line 118
pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f., t, and MTF,, are included.

74. Data from 7:00 AM of August 21, 1992: (a) line 119
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency

response. Cutoff frequency, f£.. for MTF, is
included.
75. Data from 12:00 PM of August 21, 1992: (a) line 120

pixel wvalues of the black-white steps for both
targets; (b) normalized, line FFTs of both targets
based on the corresponding pixel values shown; (c)
normalized aerosol MTF,, derived from the ratio of
far target FFT to the near target FFT. Values for
f.. T, and MTF,, are included.
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Figure

76.

Data from 12:00 PM of August 21, 1992: (a) line
pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency
response of both targets based on the corresponding
pixel values shown; (c) turbulence, MTF,, derived
from the ratio of the far to near target frequency
response. Cutoff frequency, f£f., for MTF, Iis
included.
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1. SUMMARY OF RESEARCH STUDY

An experimental research study was conducted for the purpose
of measuring the overall optical modulation transfer function of
desert atmospheres (MTF,), including, for the first time, the low
spatial frequency component of the MTF, attributed to aerosols,
MTF,; the high frequency component due to turbulence, MTr,; and the
DC component of the MTF, which is related to contrast, MTF,.

MTF, measurements were performed with a wunique, passive,
remote seonsing system. This unique system is based on digital
image processing of remote video scenes which ideally include two,
optically identical, castellated targets, located along a
horizontal direction at different distances from a high resolution
CCD video camera, and which are contrasted against the horizon sky.

The basic theory of the MTF, is summarized in section 2, the
experimental approach and measuring system is described in section
3, a summary of the most important results are included in section
4, conclusions and recommendations for future research are included
in section 5, and lists of all related grant publications and
participants are included in sections 6 and 7, respectively. A
summary of the MTF, data, obtained over a two year period, and

analysis results are included in appendix A.




2. THERORY

The atmospheric modulation transfer function, MTF,, is a
quality measure of optical imaging or "seeing" through the
atmosphere. It corresponds to a low pass filter and may be

expressed approximately by the following product of independent

components,’
MTF, = (MTF,)-(MTF,) -(MTF,) *(MTF,) , (1)
where,
MTF, = modulation transfer due to contrast,
MTF, = modulation transfer function due to atmospheric
turbulence,
MTF, = modulation transter function due to scattering and

absorption by aerosols and particulates, and
MTF, = modulation transfer function due to molecular absorp-

tion and scattering.

MTF,, the contrast component, is independent of spatial
frequency and has a DC component related to extinction; MTF,, the
turbulence component, exhibits a high spatial frequency component

measuring thousands of cycles/radian; MTF,, the aerosol component,




has a very low spatial frequency varying from tens to hundreds of
cycles/radian and MTF,, the molecular scattering component,
primarily due to isotropic, Raleigh scattering, is independent of
spatial frequency and is negligible compared to scattering, having
a value of approximately one, i.e., MTF, = 1.

This report describes a unique experiment which has been used
to measure the MTF, components of contrast, turbulence, and for the
first time, the direct measurement of the low spatial cutoff
frequency of the aerosol component.?’?' Current results of the

measurements of MTF, components are presented.

2.1 Background

Consider a video scene recording of a two dimensional object
viewed through the atmosphere. Neglecting electronic noise
contributed to the imaging system, the observed image, f ’(x,y) may

be expressed by the following relation,*

f'(x,y) = £(x,y) *PSF{x,y) , (2)

where,
f '(x,y) = Brightness distribution of image observed

through the imaging system and the atmosphere,




f(x,y) = Inherent object brightness free of imaging
system and atmospheric degradation,
PSF(x,y) = Optical point spread function which is a mea-

sure of the camera's imaging performance and
of atmospheric degradation, and

* = Convolution operator.

The optical transfer function, OTF(f,,f,), of the imaging
system/atmosphere is given by the two-dimensional spatial Fourier
transform of PSF(x,y), ¥J[PSF(x,y)], and is related to the Fourier
transforms of the image and object brightness distributions as

follows:

OTF(f,,£,) = F[PSF(x,y)] = ';[[ff'((;";’)’]l . (3)

Generally, the atmosphere behaves like a spatial low pass
filter, attenuating the high spatial frequencies and resulting in
the degradation or blurring of the image. The MTF, magnitudes and
spatial cutoff frequencies are related to scattering, turbulence,
and path and background radiance.

The modulus of the OTF is defined as the total modulation
transfer function of the imaging system and atmosphere, MTF,, and

is given by,




MTF, = | OTF(f,, f)) | = (MTF,)-(MTF,) , (4)

where,

MTF,

Modulation Transfer Function of Imaging System, and

MTF, = Modulation Transfer Function of the Atmosphere.

As given by equation (1), the MTF, may be expressed as the
product of the MTF, components due to contrast, turbulence,
aerosols, and molecular scattering.

Consider a camera that is simultaneously focused on two,
optically identical target images which are located at different
distances from a camera. If MTF;, and MTF, represent the MTF of the
imaging system/atmosphere of the far and near target, respective-
ly, it follows from equation (4) that this ratio is given the

following expression,

MTF,,  MTF,, (5)

From the above expression , it follows that the ratio of the
MTF's is independent of the optical transfer function of the
imaging system, and is only a function of the ratio of the

atmosphere modulation transfer function of the two targets.
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2.2 Aerosol MTP

Light scattering by aerosols is a function of the relative
particle size compared to the optical wavelength.® If the size of
the particle is small compared to the wavelength, the scattering of
light will be at large angles with respect to the direction of
propagation, and the effect of the scattering is primarily
attenuation. If the particle size is comparable or larger than the
incident wavelength, more of the light is diffracted primarily in
the forward direction. This results in multiple random forward
scattering of 1light to be incident on the receiver, causing
degradation and blurring of the image, similar to the effect of
atmospheric turbulence.

The MTF for forward scattering, MTF,, is given theoretically

by the following expressions,®®7.8.9.20

RE AR (6)
MTF,=e °¢ ' fo< £,
MTF, = e™, - £y £, (7)
wherE:
fo = sgpatial frequency (cycles/radian),
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f. < a/A, spatial frequency cutoff (cycles/radian),

A = optical wavelength (m),

a = effective particle radius (m),

T, = ©,r (optical depth),

o, = scattering coefficient (m!), and
r = horizontal path length (m).

The above expressions strictly hold for small angle scattering
for the case when the particle radius is comparable or greater than
the optical wavelength. It should be noted that there is quite a
variation in the models by the various authors, depending on what
assumptions are made. Also, the scattering coefficient, ¢,
approximately corresponds to extinction, and may be estimated from
contrast transmittance measurements.?!’

The asymptotic cutoff spatial frequency, f., where the MTF,
approaches exp(-t,), was experimentally determined for polystyrene

microspheres and is given by the following expression,’®
£, = 24.4(—?) ‘1 cycles/radian, (8)

where D is the particle diameter.

Assuming dusty desert conditions so that D/A = 10, in the

visible range,




f, =137 cycles/radian. (9)

For approximately clear desert conditions, D = A, giving a value of

f. as follows,

f, = 24.4 cycles/radian. (10)

The cutoff frequency given by equation (8) also applies when
D/A<1, resulting in anisotropic multiple scattering.®?®

From the above expressions, it can be concluded that the
cutoff spatial frequency is observable in windy desert environments
when the particulate size is comparable or greater than the optical
wavelength. As the spatial frequency approaches zero, the aerosol
MTF approaches one.

A relation between the spatial frequency in cycles per radian,
fs, and the spatial frequency, f,, in cycles/length is established
from the relation between the distances of the image and object

planes of the imaging system:

- AXx _ AXx/
6 5 57 (11)

where S and S' correspond to the distances to object and image

planes, respectively. The displacements, AX and AX', correspond to
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the displacements subtended by the view angle 0 at the object and
image planes, respectively. If AX corresponds to one spatial

wavelength period, it follows that:

/
fy = % = Z%{ = _A%?’ cycles/radian, (12)
£.= - ; fl=_1  cycles/radian (13
x> Ax x -sz 34 radian, )
fo = £.S = £1S' cycles/length. (14)

2.3 Turbulence MTF

The modulation transfer function component of the atmosphere
due to turbulence, MTF;, is caused by random fluctuations of the
atmospheric refractive index which result from random changes in
temperature and pressure along the propagation path. As a result,

the high spatial frequencies are attenuated, resulting in the




blurring of the observed image. The MTF, has been studied exten-
sively as it is the primary degradation of imaging in astronomy.
The MTF for atmospheric turbulence, MTF,, for a horizontal

path may be described by the following expression-!®1i-12.13,

5 .2
MTF, = exp [-57.44£,°A 3C2r] , (15)
where,
A = optical wavelength (cm),
r = horizontal path length (cm),
C,? = refractive index structure function cm?¥?, and
fo = spatial frequency (cycles/radian) of angular

field of view.
C,? may be expressed in terms of atmospheric pressure P and the

temperature structure function, C;?, as described below!‘:
c? = (79x10-6% 22, (16)

where P is the pressure in millibars and T is the temperature in
degrees Kelvin. Near the surface, C? is a function of the air

temperature vertical gradient.
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At low spatial frequencies, MTF, 3 1. The MTF, behaves like a
low pass spatial filter and decreases with increasing spatial
frequency. The high cutoff frequency, f... where MTF, decreases to

e!, follows from Equation (15):

wlw

-1 -
£, = [57.442 3Cir] (17)

ct

For a typical summer noon day in the local desert, C? « 10"
cm'?/3.1 Assuming a horizontal path with r = 1000 m and A = 5.5 x

10 cm (visible), the cutoff frequency is
b = 3,250 cycles/radian . (18)

ct

The turbulence MTF has the highest cutoff frequency of the MTF

components.

2.4 Contrast MTPF

11




The atmospheric MTF is also degraded by radiance from the
target background as well as from the intervening atmosphere,
resulting in contrast reduction between the target and background.
This effect can be expressed in terms of the MTF,, the modulation
transfer function due to contrast, and is given by the following

expression'’:

vrp. < Be - By (Be BT
b Bl + Bl (B*B)T, + 2B, '

(19)

where B', and B', are the apparent target and background brightness
measured at a horizontal range ry; B, and B, are the inherent
target and background brightness; B, is the measured horizon sky
brightness corresponding to the scattered radiation along the path;
Finally, T, is the contrast transmittance measured at ry.

The contrast transmittance and the target and background
brightness are expressed by the following fundamental

relationships!®!¢:

/ /
BC - Bb - e"f,

= Be ~ B , (20)
1 B, - B,
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By = BT, + By, (21)

By = ByT, + B, . (22)

The contrast MTF is independent of spatial frequency and corre-
sponds to the atmospheric MTF at zero spatial frequency, where all
other MTF components have a value of one. It should be noted that
the above target brightness values correspond to the average target
brightness.

The contrast MTF may be determined from contrast transmittance
measurements of multiple targets. Based on the ratio of contrast
transmittance of two targets with identical inherent optical
properties and located at horizontal ranges ry; and ry,, with a common
background, it follows that the ratio of contrast transmittances to

the two targets is given by the following expression'’'%:

/ /

Tfuog - B‘Un) - Bbum = o 9(Zga)-Ty) 23
T 7 / e * (23)
xy By, - Bp,
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From the above expression, the extinction, 6, may be determined
from only the apparent average target and background brightness of
the targets located at the known ranges r; and ry,,, respectively,
and appearing on the same video image. Once the extinction is
calculated from Equation (23), Equation (20) is used to determine
the contrast transmittance T, at r;. The horizon sky brightness B,
can be measured from the same video scene. Equations (21) and (22)
may then be used to remotely determine the values of the jnherent
brightness of the targets and background, B, and B,, respectively.
The values corresponding to B,, B,, B,, and T, may be used in
Equation (19) to determine the contrast MTF at zero spatial
frequency.

The background may correspond to the white strips of a
castellated target, or it may correspond to the horizon sky

brightness. For the latter case, B'y = B'yy.,, = B,.

3. EXPERIMENTAL APPROACH

Two black and white castellated targets are horizontally
located at one and two km from a digital video camera (see Figures
1 and 2). The targets were constructed so that their castellations
generate identical spatial frequencies ranging from DC to approxi-

mately 80,000 cycles/radian. Both targets are cnntrasted against

14




the sky and positioned so that they are Loth digitally recorded on
the same video scene, as shown in Figure 2.

Horizontal line FFT's are generated at corresponding target
locations, as explained below. The ratios of the corresponding
spectral components of the far target to the near target yields the
MTF,. The MTF, components due to contrast, aerosols, and turbulence
will then be determined from contrast measurements and from the low
and high spatial frequency responses, respectively. For validation
of theoretical or laboratory models, ancillary measurements were

taken of atmosphere scattering and vertical temperature gradient.

3.1 Target Configuration

Figure 1 shows the target configuration. It consists of two
castellated targets located at radial distances of 1 and 2 Km. from
the video camera. The radial distances to the targets are
displaced by a small view angle, 6, in order to allow both targets
to be viewed by the video camera in the same scene. Ideally the
center of both targets is located at the same height from the
horizontal ground. Both targets are assured to have identical
inherent optical properties as viewed by the camera by constructing
the targets of the same material and by having equai solid angles
subtended by both targets when viewed by the camera. This requires

that the area of the target be in proportion to the square of the
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Video Camera ——y —
= ——1000m.
I« 2000m-

Figure I. Two target emplacement for MTF, measurements.

Py r-ry -

Target A

Figure 2. Camers view of the targets located at one an two km. respectively.
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radial distance to the target. In order to insure that the
corresponding black and white strips of both castellated targets
generate the same spatial frequencies in cycles/radian at the
camera location, the area of the corresponding strips on both of
these targets is also proportional to the square of the radial
distances to the camera.

Based on the above construction, both castellated targets were
of identical size as viewed from the camera, as shown in Figure 2.
Referring to Figure 2, the targets consist of castellated black and
white strips for generation of identical spatial frequencies from
both targets. The target at 1000 meters measures about 1.22 X 1.22
meters?, forcing the target at 2000 meters to measure 2.44 x 2.44

meters?.

3.2 Spatial Frequency Generation

Referring to Figure 2, the lower halves of both targets consist
of castellated black and white strips of variable widths. These
strips vary from 0.4 meter to 0.6 cm in width for the target
located at 1000 meters and 0.8 meter to 1.2 cm for the correspond-
ing strip widths of the target located at 2000 meters, generating
identical spatial frequencies varying from 1200 to 80,000 cy-

cles/radian at the camera location. This spatial frequency range
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will adequately cover the high spatial frequency cutoff range of
the turbulence MTF, component.

The low and DC spatial frequencies are generated by the outer
dimensions of the targets which measure 1.22 x 1.22 meters? and
2.44 x 2.44 meters?, respectively. This fact may be shown by
taking the one-dimensional, spatial Fourier transform along th:
horizontal path of the target. At the target, there is no
atmospheric filtering, and the target is ideally in sharp contrast
to the sky background. For this case, the spatial Fourier

transform corresponds to a pulse and is easily calculated,'®

sinnWf,

GlE) = B W gt

(24)

where,
B, = target brightness,
W = width of target (m), and
f, = spatial frequency (cycles/meter).

The corresponding frequency, f,, in cycles/radian is related to
f, by equation (12), where S is the radial distance from the camera
to the target.

From equation (24), it follows that the amplitude of the

spectrum varies as (sin x)/x, generating a continuous spatial
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frequency spectrum with a maximum at zero (DC) spatial frequency

and decreasing to the first minimum at a spatial frequency given by

cycles/radian. (25)

zln

fo,. =

For the target at 1000 meters which measures 1.22 x 1.22

meters?,

= =——— =820 cycles/radian. (26)

Similarly, spatial frequencies ranging from DC and higher are
also generated by the black/white, black/sky, and white/sky step
transitions. It follows from the above analysis that identical
spatial frequencies ranging from DC to 80,000 cycles/radian are

generated by both targets described in Figures 1 and 2.

3.3 MTF, Spatial Frequency Response

As described in the previous section, the castellated targets
described in Fiqures 1 and 2 ideally generate identical spatial
frequency components in the range from DC to 80,000 cycles/radian.

However, the radial distances r, and rg; from the video camera to the
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targets A and B are 1000 meters and 2000 meters, respectively.
Therefore, the spatial frequency components received by the camera
from target B are filtered by an additional amount over those
received by the camera from target A, located closer to the camera.
This additional filtering corresponds to the intervening atmosphere
in the region between the targets, ry-r,. Since both targets are
observed and recorded on the same video scene, additional blurring
will be obs._rved on target B due to the spatial filtering of the
atmosphere in the region between the targets.

From the brightness distributions of the solid/castellated
target images recorded by the video camera, the spatial frequency
response of the atmospheric MTF, can be calculated for the atmo-
spheric region between the targets. The spatial frequency response
of the MTF, between targets A and B may be expressed from equation

{4) as follows:

MTF(0-2) = MTF,-MTF,(0-A) , (27)

MTF(O-B) = MTF;*MTF,(0-B) = MTF,"MTF,(O-A) ‘MTF,(A-B) , (28)

where,

MTF (0O-3) apparent MTF of target A,
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MTFA (O'A)
MTF,
MTF (O-B)

MTF, (O-B)

MTF, (A-B)

MTF, of atmosphere between camera and target A,
MTF of video camera imaging system,

apparent MTP of target ,

MTF, of atmosphere between camera and target B,
and

MTF, of atmosphere between targets A and B.

From the above equations, and equation (2), it follows that

since targets A and B have the same inherent properties, MTF,(A-B),

which is the MTF, for the atmospheric region between targets A and

B is given by

MTF(0-B) _ | Flfs(x, )] |

MTF,(A-B) = = (29)

MTF(0-2) | Fleixo ] |

where fg'(x,y) and f,'(x,y) are the apparent brightness distribu-

tions of targets A and B recorded by the video camera, respective-

ly.

From the above expression, it is concluded that the MTF, of the

intervening atmosphere between targets A and B, MTF,(A-B), is given

by the ratio of the apparent MTF's of target B to target A, or by
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the ratios of the corresponding Fourier frequency components of
targets A and B, respectively. This conclusion is very significant
as this ratio is independent of the imaging system characteristics

and the actual optical properties of the targets.

3.4 Instrumentation

The video scenes were recorded with a high resolution, 12-bit
CCD camera with 512 X 1024 pixels. The CCD camera (Patterson
Electronics, Tustin, CA) was cooled to -35°C in order to minimize
electronic noise. An 8 inch telescope with 2 meter focal length was
used to observe both targets on the same scene at high magnifica-
tion. A 4 inch telescope with one meter focal length was used for
visual sighting. Equal density filters were used to attenuate the
brightness. For a given filter, the integration time may be
increased in multiples of 10 ms until the maximum dynamic range
4095 is reached. The digital camera was interfaced with a PC-AT
where the digitized images are stored and operations are performed.
FFT operations were performed with an attached array floating
point processor (Eighteen-Eight Labs, Boulder City, Nev.) to the PC
and with MATHCAD software. (See Figure 3)

An inte_gratinq nephelometer was used to measure the local
gscattering coefficient. Thermocouples were used to measure the

vertical temperature gradient.
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Figure 3. The top photo (a) shows the CCD digital video camera with telescopes. Photo
(b) shows the PC-AT used to control tha camera and to record and analyze the digitized image.
23




Recording of the target video scenes was initially severely
limited by wind-induced vibrations of the digital camera platform.
In order to overcome this limitation, a portable wind resistant
cage, measuring approximately 3x3x5 m?’, was designed and fabricated
to house the CCD camera which rested on a tripod mounted on top of
a six foot high platform. In addition, the pc-based monitoring and
recording equipment was also housed inside the wind cage. 1In order
to minimize its weight, the wind cage was constructed with 2"x4"
wooden frame, covered with tarp, and 1lined inside with black
plastic. Guy wires were used to secure the wind cage to ground.
Since summer temperatures varied up to 110 degrees F, two evapora-
tive air conditioners were installed to cool the air and equipment
inside the cage.

The near and far targets were mounted on towers measuring 8 and
13 meters in height, respectively. The height between the towers
was necessary due to the hilly terrain existing between the targets
and physical constraint of maximum height of the camera. As a
result, the line of sight from the camera to the targets was
approximately 0.2 degrees with respect to the horizontal. The near
tower was constructed with 4"x4" lumber, while the far target was
constructed of 3 in?, 1light structural, square tubing. Guy wires
were used to secure the towers to ground. In order to clean and
align the targets along the desired line of sight, the targets were

mounted on rails which were attached to the towers. This allowed
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the targets to be raised or 1lowered with winches which were

operated by an electric drill. (See Pigure 4)

4.0 EXPERIMENTAL RESULTS

MTF, measurements were performed with the digital video
camera/dual target system described in the previous section. Video
scenes were obtained from early morning to early afternoon in order
to record the relative imaging effects of aerosol and turbulence.
Integration times varied from 10 ms to one second, depending on the
attenuation of the equal density filter used and on the desired
dynamic¢ range.

To measure the aerosol MTF, component, MTF,, the low frequency
component of the MTF,, horizontal and vertical line FFT's of each
target were computed from the digitized pixel data of the video
scenes. These pixels were located across the portions of both
targets where there are single step changes between the white amd
black portions of the target (see dashed lines of PFigure (2)).
These step changes generate a low frequency (sin x)/x spectrum,
similar to equation (24). Based on equation (29), the ratio between
the corresponding FFT components of the tgrgets ir:lelds the low
frequency spatial response of the aerosol component | bf the MTF,

between the two targets.
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The results of MTF, measurements are summarized in Appendix A,
corresponding to typical measurements obtained early morning, mid-
morning, and noon, from August 1992 through August 1993, Figures S-
8 summarize typical results of the MTF, aerosol component measure-
ments. Referring to Figures 5-8, (a) corresponds to the pixel
values in the line path through the white/black step for the near
and far targets, F, and B,, respectively; (b) corresponds to the
normalized low frequency magnitude of the FFT's computed from the
pixel values shown in (a) where |Ffft,| and |Bfft,| are the FFT's
of the near and far targets, respectively, and |Ffft,| and |Bfft,}
are their corresponding DC components; and (c) corresponds to the
normalized low frequency MTF,, given by the ratio of magnitude of
the FPT's between the far and near targets, respectively. FFT
analysis yielded a maximum spatial frequency resolution of abcut
0.12 cycles/mrad.

Referring to (c) of Figures 5-8, the low frequency dependence
of the MTF,, below the cutoff freguency, conforms closely, within
0.5%, to the model of the aercsol component given by equation (6).
However, the transition given by equation (7) was not observed, as
the frequency response continued to drop for f4 greater than f..
This phenomena is explained below.

The estimated aerosol cutoff frequencies, f., and the DC
components of the MTF,, MTF,, are also included in (ci of PFigures
5-8. The cutoff frequencies were estimated from the aerosol MTF,

frequency response, equation (6), and estimates of the optical
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Figure 5 .Data from the moming of August 21, 1992: (s) line pixel values of the black-white steps for both targets;
. (b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized aerosol
MTF, , MTF, , derived from the ratio of far target FFT to the near target FFT. Values for £, v, and MTF, are
included. The pixel (s) and FFT (b) data on the left and right corresponds to the near and far target, respectively.
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, MTF, , derived from the ratio of far target FFT to the near target FFT. Values for f,, 1, and MTP§ are included.
The pixel (a) and FFT (b) data on the left and right comresponds to the near and far target, respectively.

29




NEAR FAR
4000 4000
PIXEL [ PIXEL |—
VALUE VALUE \
& 2000 % 2000
= X N
(.) \—
P
0 0
230 2% 300 290 300 310
k PIXEL c
! 1
FFT FFT
NEAR FAR
|F| B |
il, J
03 0.3
17| [P
®)
0 \/\ o
0 30 100 % 100
j X 0.22 cycles/mrad i
I \\
MTF, \ MTF, = 1.0l
\ f, = 2.75cycles/mrad
fi 08 < Tt = 0.101
Ro \
06

15

3

X 0.22 cycles / mrad

©

Figure 7.Data from the morning of November 21, 1992: (s) line pixel values of the black-white steps for both
targets; (b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized
acrosol MTF, , MTF, , derived from the ratio of far target FFT to the near target FFT. Values for f,, <, and MTF,

are included. The pixel (s) and FFT (b) data on the }

30

eft and right corresponds to the near and far target, respectively.




NEAR FAR

4000 — 4000
PIXEL
PIXEL | ] o
VALUE VALUE
‘k 2000 lzm
(®
’ 280 ’ 260 280
240 uok PIXEL k 300
1 1
e FAR
NEAR
BN,
i 0.8 - 1o 03
"l (8|
®)
0 A
0
0 50 100 0 30 100
i X 0.22 cycles/mrad i
1 T ——
S——
MTF r T MTF, = 0988
’ T £, = 5.84 cycles/mrad
R’. 0s T = 0.0679
Ry
0.6
0 S 10 18 20 28

X 0.22 cycles/ mnd

©)

: ine pi -whi th targets;
i 8. Data from noon of November 21, 1992: (a) line pixel values of the black-white steps for bo rgets;
l(:I;v:xrc:rmalizecl, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized aerosol
MTF, , MTF, , derived from the ratio of far target FFT to the near target FFT. Values for f, t, and m. are
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depth based on extinction or scattering coefficient values obtained
from contrast, nephelometer and visibility measurements. The DC
components of the MTF,, MTF,, were estimated from equation (19)using
the pixel values of the same black to white steps shown in (a) of
Figures 3-6, and calculating the ratio between the far and near
target values.

The turbulence MTF, components are summarized in Figures 9-12.
These measurements were based on the amplitude variation of the
castellated black and white strips (Figure 2), measured as a
function of their spatial frequency. Referring to Figures 9-12,
(a) corresponds to the pixel values in the line paths through the
the center of the castellated black and white, variable width
strips for the near and far targets; (b) corresponds to the
normalized, spatial frequency response of the near and far targets
as measured from the pixel values shown; and (c) corresponds to
the normalized, spatial frequency response of the MTF, turbulence
component, MTF,, calculated from the ratio of spatial response of
the far to near targets, respectively. Estimates of the turbulence
cutoff frequencies, f., are included in (c). Spatial frequencies
ranging from 2.5 to 80 cycles/mrad were observed.

From comparisons between the morning and noon data of the
aerosols and turbulence MTF, components summarized in Figures 5-12,

the following observations may be noted:
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(a)

(b)

(c)

(d)

For the aerosol MTF, components, (Figures 5-8), the cutoff
frequencies, f., were lower in the morning than at noon,
indicting that finer particulates predominated early
morning than at noon. This was most likely due to the
greater stability of the desert air in the morning.

For the turbulence MTF, components, (Figures 9-12), the
cutoff frequencies, f. , decrease from morning to noon,
indicating a greater turbulence at noon, than in the
morning, as expected.

The aerosol MTF, component agrees closely with equation
(6) but not equation (7). This is due to the interaction
of turbulence with the aerosols. This is evidenced by the
fact that the turbulence cutoff frequencies, f. , were
close to the aerosol cutoff frequencies, f., particularly
at noon of Augqust 21, 1992.

As indicated in Figure 7(c), the calculated MTF,, the
contrast component of the MTF,, was greater than one.
This is due to the effect of reflection from the flat
white paint used on the targets and from the slight non-
parallelism between the targets. Use of non-reflective
paints should yield more accurate results on the calcula-
tion of the MTF,. Also, positioning of the targets along
a line off East-West will minimize reflection. In
Addition, precaution has to be taken to insure that both

targets have a similar background. However, this does not
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affect the PPT analysis since the DC components are

removed.

Based on the above analysis procedure, Appendix A, Figures i-
76, summarize the MTF, component measurements obtained from
throughout the year from August 1992 to August 1993. Generally,
the results are typical of those described above. Digitized data
is available upon request from the Electrical Engineering Depart-
ment.

Field experiments on the effect of defocusing were found to
have a minimal effect on the MTF, component determination. Extreme
defocusing effects can be observed by comparing figures 27 and 28
with Figures 29 and 30, respectively, of Appendix A. The resullts
agree with theory, equation (30), which indicates that in determin-
ing the MTF, components by taking ratios of the corresponding MTF,
components between the near and far targets, the effect of the MTF

of the imaging system is ideally cancelled.

5. CONCLUSIONS AND RECOMMENDATIONS

The digital video camera/dual target passive optical system
described above makes possible the measurement of all MTF, compo-
nents. In particular, for the first time, the low frequency
component of the optical MTF, due to the aerosol has been measured,

including estimates of the aerosol low frequency cutoff.

38




Refinement of the FFT analysis should make it possible to increase
the aerosol spatial frequency resolution from about 0.12 to less
than 0.01 cycles/mrad.

As indicated in (c) of Figures 5-8 and the results shown in
Appendix A, measurement of MTF,, the aerosol component of the MTF,,
provides an accurate technique for characterizing atmospheric
aerosols. The basic MTF, relation, given by equation (6), was
verified within 0.5% below f. , the aerosol cutoff frequency.

Additional studies are suggested to determine the actual
relation between the aerosol cutoff frequency, the aerosol
distribution, and the interaction between aerosol scattering and

turbulence.
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APPENDIX A

SUMMARY OF MTF, DATA AND

ANALYSIS RESULTS
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Figure 1. Data from 7:00 AM of August 25 , 1993: (s) line pixel values of the black-white steps for both targets;
(b) normalized, line FFT's of both targets based on the corresponding pixel values shown; (c) normalized serosol
MTF,,, derived from the ratio of the far target FFT (o the near target FFT. Values for f, 1, and MTFy, are included.
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Figure 2. Data from 7:00 A M.of August 25, 1993: (a) line pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency response of both targets based on the corresponding pixel
values shown; (¢) turbulence, MTF, , derived from the ratio of the far 10 near target frequency response.

Cutoff frequency, £; . for MTF, is included.
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Figure 3. Data fom 9:30 AM of August 25 , 1993: (a) line pixel values of the black-white steps for both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized serosot
MTF, derived from the ratio of the far target FFT 10 the near target FFT. Values for £, 1, and MTFy, are included.
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Figure 4. Data from 9:30 AM. of August 25, 1993: (a) line pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency response of both targets based on the corresponding pixel
values shown; () turbulence, MTF, , derived from the ratio of the far 10 near target frequency respoase.
Cutoff frequency, f; , for MTF; is included. 49
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Figure S. Data from 12:00 PM of August 25, 1993: (a)linepixélvdmofﬂnblwk-whiteupaﬁxbod:m
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized aerosol
MTFP.dqivedfromtheratioomnfuwsetmwthencarmgdm. Values for £, t, and MTFy, are included.
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Figure 6. Data from 12:00 P.M. of August 28, 1993: (s) tine pixel values of castellated black-white stripes for
bahmgdg(b)wmdiudmﬁdﬁemmqmdbomum&bmdmﬂwmmdb‘pixd
values shown,; (c) turbulence, MTF, , derived from mentiool‘lhefutonwwgaﬁ'equeocyw

Cutoff frequency, fo, . for MTFy is included. 51
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Figure 7. Data from 7:50 AMof July 10, 1993: (s) line pixel values of the black-white steps for both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized aerosol
MTF,, . derived from the ratio ofthe far target FFT o the near target FFT. Values for £, ¢, and MTFy, are inchuded.
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Figure 8. Data from 7:50 AM. of July 10, 1993: (a) line pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency response of both targets based oa the corresponding pixel
values shown; (c) turbulence, MTF, , derived from the ratio of the far (0 near target frequency response.

Cutoff frequency, £y . for MTFy is included.
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Figure 9. Data from 8:30 AM of July 10', 1993: (s) line pixel values of the black-white steps for both targets;

(b) nornalized, line FFT's of both targets based on the corresponding pixel values shown; (¢) normalized acrosol
Wp.daivedﬁ'omthenﬁooﬂbeflrwngFTlothenwurgaFFr. Values for £, t, and MTFy, are included.
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Figure 10. Data from 8:30 AM. of July 10, 1993: (2) line pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency response of both targets based on the comresponding pixed
values shown; (c) turbulence, MTF, , derived from the ratio of the far to near target frequency response.
Cutoff frequency, {4 . for MTF, is included. 55
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Figure 11. Data from 11:30 AM of July 10, 1993: (n)linepixelvduécofu\ebhck-whilcaepsfotbothmm
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized serosol
Mﬁp.daivdﬁommemiooftheﬁrhrwmmlhenwwmm. Values for £, t, and MTF}, are included.
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Figure 12. Data from 11:30 AM. of July 10, 1993: (a) line pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency response of both targets based on the corresponding pixel
values shown; (c) turbulence, MTF, , derived from the ratio of the far to near target frequency respoase.

Cutoff frequency, f; , for MTF is included.
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Figure 13. Data from 7:35 AM of June 26 , 1993: (a) line pixel values of the black-white steps foc both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized serosol
me.daivedﬁmﬂnnﬁodlhefumngFTbthenwwwm. Values for f, ¢, and MTF}, are included.
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Figure 14. Data from 7:35 AM of June 26, 1993: (a) line pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency response of both targets based on the corresponding pixel
values shown; (c) turbulence, MTF, , derived from the ratio of the far to near target frequency respoase.

Cutoff frequency, fy , for MTF, is included.
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Figure 1S. Data from 8:45 AM of June 26, 1993: (a)limpixdvaiuéoﬁbeblack-whiteuepshbolhhrgetg
(b) normalized, line FFTs of both targets based on the coresponding pixel values shown; (c) normalized aeroscl
mp.duived&omlbemiooﬂbefuurgdH-T(otbenequdm. Values for £, 1, and MTFy, are included.
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Figure 16. Data from 8:45 A M. of June 26, 1993: (2) line pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency response of both targets based on the corresponding pixel
values shown; (c) turbulence, MTF, , derived from the ratio of the far to nearurget frequency respoase.
Cuwoff frequency, fq . for MTFy is included. 61
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Figure 17. Data from 12:00 PMof June 26, 1993: (a) line pixe! values of the black-white steps for both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized aerosol
MTFp , derived from the ratio of the far target FFT to the near target FFT. Values for f, 1, and MTFy, are included.
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Figure 18. Data from 12:00 P.M. of June 26, 1993: (a) line pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency response of both targets based on the corresponding pixel
values shown; (c) turbulence, MTF, , derived from the ratio of the far to near target frequency response.
Cutoff frequency, fy . for MTFy is included.
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Figure 19. Data from 10:30 AMof June 12, 1993: (s) line pixel values of the black-white steps for both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized aerosol
MTF,, , derived from the ratio of the far target FFT o the near target FFT. Values for €1, and MTFy, are included.
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Figure 20. Data from 10:30 AM. of June 12, 1993: (a) line pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency respoase of both targets based on the corresponding pixel
values shown; (c) turbulence, MTF, , derived from the ratio of the far (0 near target frequeacy response.

Cutoff frequency, { . for MTF, is included. ;
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Figure 21. Data from 11:27 AMof June 12, 1993: (a) line pixe! values of the black-white steps for both targets;
(b) normalized, line FFT's of both targets based on the corresponding pixel values shown; (c) normalized acrosol
Mer.daivedﬁ'omd\emioofthefnmgelFFTtoUnnwwgdm. Values for £, t, and MTF, are included.
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Figure 22. Data from 11:27 A M. of June 12, 1993: (a) line pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency response of both targets based on the corresponding pixel
values shown; (c) turbulence, MTF, , derived from the ratio of the far to near target frequency response.
Cutoff frequency, fq , for MTFy is included.
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Figure 23. Data from 10:00 AM of April 17, 1993: (s) line pixel values of the black-white steps for both targets;
(b) normalized, line FFTs of both targets based on the carresponding pixel vatues shown; (c) normalized serosol
Mﬁp,dedved&omlbendoom)eﬁrwgetﬁﬂothenurmgdm. Values for f,, ¢, and MTF}, are included.
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Figure 24. Data from 10:00 A M. of April 17, 1993: (a) line pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency response of both targets based oa the corresponding pixel
values shown; (c) turbulence, MTF, , derived from the ratio of the far to near target frequency respoase.
Cutoff frequency, fq , for MTF is included.
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Flgure 2S. Data from 12:00 PM of April 17, 1993: (s) line pixel values of the black-white steps for both targets;
(b)namalnzd.hneFFfso[bdhwgdsbnsedmlheoan@oodmgptxdvﬂuasbown (c) normalized serosol
mp.mmmmeumdnnuwwmwmeumm Values for £, t, and MTFy, are included.
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Figure 26. Dats from 11:30 P.M. of April 17, 1993: (a) line pixel values of castellated black-white stripes for
both targets, (b) normalized spatial frequency response of both targets based on the corresponding pixel
values shown, (¢) trbulence, MTF, , derived from the ratio of the far to near target frequency response.

Cutoff frequency, fy . for MTF, is included.
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Figure 27. Data from 11:15 AMof April 17, 1993: (s) line pixel values of the black-white steps for both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized serosol

Mer.daivedﬁ'ommeuﬁooﬂhcfuurgetmtothenwmgdm. Values for £, 1, and MTFy, are included.
Focus on ness target.
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Figure 28. Dsta from 11:15 AM. of
both targets, (b) normalized spatial

April 27, 1993: (a) line pixe! values of castefiated blsck
frequency response of both targets based on the

ing pixel

values shown; (c) turbulence, MTF, , derived from the ratio of the far 10 near target frequency response,
Cutoff frequency, £, , for MTF, is included. Focus on near target.
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Figure 29. Data from 11:20 AM of April 17, 1993: () line pixel values of the black-white steps for both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (¢) normalized aerosol
Mer.daivedﬁomtbenﬁoofmefumgaFFTtolbenungam. Values for £, 1, and MTF), are included.

Focus beyond near target.
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Figure 30. Data from 11:220AM. of April 17, 1993: (a) line pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency respoase of both targets based oa the corresponding pixel
values shown; (c) turbulence, MTF, , derived from the ratio of the far 10 near target frequency respoase.
Cutoff frequency, foq , for MTF is included. Focus beyond near target
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Figure 31. Data from 11:40 AMof April 17, 1993: (a) line pixel values of the black-white sieps for both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (¢) normalized aerosol
MTFp , derived from the ratio of the far target FFT o the near target FFT. Values for £, 1, snd MTFy, are included.

Focus closer than near target.
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Figure 32. Data from 11:40 A M of Apnl 17, 1993: (a) line pixel values of castellated black-white stripes for
both targets; (b) nonmalized spatial frequency response of both targets based on the corresponding pixel
values shown; (c) turbulence, MTF, , derived from the ratio of the far to near target frequency response.
Cutoff frequency, fq , for MTF is included. Focused closer than near target.
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Figure 33. Data from 10:00 AM of February 27, 1993: (l)hneptxelvalwoﬁhebl.d:-whnenpohbomw:;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized serosol
MTFP.duivedﬁantbentioord\efuwgetmtomenwutgdm. Values for £, t, asnd MTFy, are included.
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Figure 34. Data from 10:00 A M. of Februsry 27, 1993: (a) line pixel values of castellated black-white stripes for
both targets; (b) nonnalized spatial frequency respoase of both targets based on the corresponding pixel
values shown; (c) turbulence, MTF, , derived from the ratio of the far to near target froquency respoase.
Cutoff frequency, fq . for MTF is included.
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Figure 35. Data from 12:00 PM of February 27, 1993: (s) line pixed values of the black-white steps for both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixe! values shown; (c) normalized serosol
Mﬁp.daivedﬁunUwrlﬁoofthcfuwgamwtbenwwgam. Values for £, 1, and MTFy, are included.
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Figure 36. Data from 12:00 P.M. of February 27, 1993: (a) line pixel valucs of castellated black-white stripes for
both targets; (b) normalized spatial frequency response of both targets based oo the corresponding pixel

values shown;, (c) turbulence, MTF, , derived from the ratio of the far 1o near target frequency response.

Cutoff frequency, s , for MTF is included.
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Figure 37. Data from 9:00 AM of December 22, 1992: (s) line pixel values of the black-white sieps for both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized aerosol
MTFp.daivedﬁ'omdnntioom;efuurgaFFTtoﬂleangaFFT. Values for £, 1, and MTF}, are included.
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Figure 38. Data from 9:00 A M. of December 22, 1992: (2) line pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency respoase of both targets based oo the corresponding pixel
values shown; (¢) turbulence, MTF, , derived from the ratio of the far 10 near target frequency respouse.
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Figure 39. Data from 9:57 AM of December 22, 1992: (a)lhepbaelvd&ud’dnebhck—whhenpcﬁxbom targets;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (¢) normalized serosol
MTFp.daivedfmmﬂ\euﬁooﬂheflrwgdl-?Tbtbenwmgum. Values for £, t, and MTF, are included.

84




PIXEL PIXEL
VALUE2000 - ~ VALUE 2000

(s)
o 1 1 ° 1 1
0 200 400 0 200 400
PIXEL LOCATION PIXEL LOCATION
NEAR  13[0 FAR \ 3T T 7T VYT T 71
FREQ 5 FREQ. j
RESP = RESP. |- .
- = —
= ) ~ ~
p— = -
" - : v
oL 1 1 1 1t 1.1 & oLl 1 1 b 1 4 % 4 g
0 28 28223 ¢ CYCLES/mRAD o 2 28223 48
(c) f..=2.60 CYCLES/mRAD
11 1 T T T 1 T T T - T
82§
MTF,
C s
027$

0 2s CYCLES/mRAD 1] $6 12 223

Figure 40. Data from 9:57 A M. of December 22, 1992: (s) line pixel values of castellated black-white stripes for
both targets; (b) nonnalized spatial frequency response of both targets based on the cormesponding pixel

values shown; (c) turbulence, MTF, , derived from the ratio of the far (o near target frequency response.

Cutoff frequency, f4 . for MTF, is included. 85




NEAR FAR
4000 4000
PIXEL PIXEL
VALUE VALUB
2000 \ ® 2000 ]
° 2% 300 0 2% 300
PIXEL LOCATION PIXEL LOCATION
NEAR 1 FAR 1
FFT FFT \
0.5 ®) 0.
0 0 el
o 50 100 0 50 100
X 0.0535 CYCLES/mRAD X 0.0535 CYCLES/mRAD
MTF, = 0.986]
f. = 143 cysles/mrad
© t = 01
1
P\N
0929 e ——
MTF
Fas?
* 786
10.714
0.643
0.57
o0s ] s 10 13 2 a3

X 0.0535 CYCLES/mRAD);

Figure 41. Data from 11:00 AM of December 22, 1992: (a)ﬁnepixdnhadﬁebloek—wﬁuaepat&bomm
(b) normalized, tine FFTs of both targets based on the corresponding pixel values shown; (c) normalized serosol
Mﬁp.daivedﬁmﬂnnﬁoofmefumgdmbmemwuam. Values for f, t, and MTFy, are included.
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Flgure 42. Data from 11:00 AM. of December 22, 1992: (a) line pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency response of both targets based on the corresponding pixel
values shown; (c) turbulence, MTF, , derived from the ratio of the far 1o near target froquency response.

Cutoff frequency, fq . for MTF is included.
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Figure 43. Data from 7:00 AM of November 21, 992: () linc pixel values of e black-while steps for both target

(b)namalized.lthFfsofbatheubasedmdwomupondingpixdvduuMm (c) normalized serosol
Wp.daivedﬁund\cnﬁooﬂhefarurgdmtomcwwndm. Values for £, t, and MTFy, are included.
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Figure 44. Data from 700 AM. of November 21, 1992: (s) line pixel values of castellated black-white stripes for

both targets; (b) normalized spatial frequency

response of both targets based on the corresponding pixel

vmm(c)mm..mmmmmduhwuwmm

Cutoff frequency, {y . for MTFy is included.
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Figure 4S. Data from 12:00 PMof November 21, 1992: (s) line pixel values of the black-white steps for both targets;
(b)mnndized.ﬁmmsofbothwwusedmdnmupmd'm;pixdvdwm(c)notmaliuduuud '
Mer,daivedﬁomﬂ\emiooﬂhefnurgdmtomenwmgdm. Values for f., t, and MTF, are included.
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Figure 46. Data from 12:00 P.M. of November 21, 1992: (s) fine pixel values of castellated black-white stripes for

both targets; (b) normalized spotidﬁeqwtcymponseo(bodlwgwbuedombeemupmdingpixd
valuessbo\vn;(c)t\rbuleoce.MTF,.daived&undnnmdmeflbne«unaﬁeq\mym

Cutoff frequency, fy . for MTFy is included.
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Figure 47. Data from 8:00 AM of October 31, 1992: (s) line pixel values of the black-white steps for both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized serosol
mfp.duivdﬁun(bemioofﬁgfuwgummdnnwmgam. Values for {, v, and MTF}, are included.
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Figure 48. Data from 8:00 AM. of October 31, 1992: (a) line pixel values of castellated black-white stripes for
both targets; (b) nonmalized spatial frequency response of both targets based an the corresponding pixel
values shown; (c) turbulence, MTF, , derived from the ratio of the far to near target frequency respoase.
Cutoff frequency, f . for MTF is included.
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Figure 49. Data from 9:30 AM of October 31, 1992 (s) line pixel values of the black-white stzps for both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized serosol
MTFP.dedvedfmrnthentioofﬂn-fumgdmlodlenwwgm. Valucs for f, ¢, and MTFy, are.included.
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Figure 50. Data from 930 AM. of October 31, 1992: (s) line pixel values of castellated black-white stripes for
me;@)mlwwmqumdmwmbwmmw;m

values shown; () turbulence, MTF, , derived from the ratio of the far (0 near target frequency respoase.

Cutoff frequency, { . for MTF is included. 95
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Figure S1. Data from 7:00 AM of October 17, 1992: () line pixcl valucs of the black-white steps for both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized aerosol
Mer.daivedﬁ'ommemioofthefarurgﬂFFholbenenmgam. Values for ., ¢, and MTFy, are included.
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Figure 52. Data from 7:00 AM. of October 17, 1992: (e) line pixel values of castellated black-white stri for

Mm.@)mdkdwﬁdﬁwmo{hﬁmb&dmuum‘m
values shown; (c) turbulence, MTF, , derived from the ratio of the far 10 near target frequency response.

Cutoff frequency, {q . for MTF, is included.
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Figure $3. Data from 9:00 AM of October 17, 1992; (a) line pixel values of the black-white steps for both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixe! values shown; (c) normalized serosol
MTF . derived from the ratio of the far arget FFT 10 the near target FFT. Valuesfor &, v, and MTFy, are included.
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Figure 54. Data from 9:00 A M. of October 17, 1992: (a) line pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency response of both targets besed on the corresponding pixel
values shown; (c) turbulence, MTF, , derived from the ratio of the far 10 near target frequency response
Cutolf frequency, fq . for MTFy is included.
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Figure SS. Data from 7:00 AM of September S, 1992: (l)ﬁmpixdvduudmeblwk-whﬁemfotbuhm
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown: (c) normalized acrosol
Mﬁp.dedvedﬁomﬂnnﬁodlheﬁrwaPTlotbemwm. Vdmforfe.c.mdmbmincluded.
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Figure 56. Data from 7:00 AM. of September S, 1992: (8) line pixel values of castellatod black-white stripes for

whwm;a)mdwwdﬁwmywdbﬁmwmmww
values shown; (c) turbulence, MTF, , derived from the ratio of the far (0 near target frequency response.
Cutoff frequency, f . for MTF is included.
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Figure §7. Data from 9:30 AM of Septemer S, 1992: (l)hmmdvdwdmeblwk-mmhboﬁm
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized serosol
Mﬁp.dmvdﬁmnmennoofthcfuurgamwtbewwgdm Values for {, t, snd MTF}, are included.
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Figure $8. Data from 9:20 AM of September S, 1992: (s) line pixel values of castellated black-white stripes for
bahwm(b)mdhdﬂid&eqmywdb«hmbwmhmm
values shown; (c) turbulence, MTF, , derived from the ratio of the far 10 ncar target frequency response.

Cutoff frequency, £ . for MTF is included. 103
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Figure 59. Data from 2:00 PM of Scpiember S, 1992: (a) line pixel valucs of the black-white steps for both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized serosol
. MTF , derived from the ratio of the fas target FFT 10 the near target FFT. Values for ¢, end MTF}, are included.
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Figure 60. Dats from 11:00 AM. of September S, 1992: (8) line pixel vduuo!ml!mdbhck-\\‘vhitesuipah
Mmm@)mwwdeQmemhmwd
values shown; (c) turbulence, MTF, , derived from the ratio of the far %o near target frequency response.
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Figure 61. Data from 7:00 AMof August 26, 1992: (s) line pixel values of the black-white steps for both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized serosol
Mﬁp.daimmmcmbdmefuwmmmmemwgqm. Values for ., £, and MTFy, are included.
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Figure 62. Dats from 7:00 AM. of August 26, 1992: (a) line pixel values of castellated black-white stripes for
both targets; (b) normalized spatial frequency response of both targets based on the corresponding pixel
values shown; (¢) turbulence, MTF, , derived from the ratio of the far 10 near target frequency response.
Cutoff frequency, g . for MTF, is included. ¢
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Figure 63. Data from 9:30 AM of August 26, 1992: (s) line pixel values of the black-white steps for both targets;
(b) normalized, line FPTs of both targets based on the comresponding pixe] values shown; (c) normalized serosol
MI'FP.duivedﬁomtbemioofthefarwngFTtotbenwurgam. Values for f, 1, and MTF, are included.
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Figure 64. Dats from 9:30 AM. of August 26, 1992: (s) line pixel values of castellated black-white stripes for

both targets; (b) normalized spatial frequency response of both targets based on the corresponding pixel
values shown; (c) turbulence, MTF, , derived from the ratio of the far (0 near target frequency responss.

Cutolffrquency, &y fe MTF iinchoded.
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Figure 65. Data from 12:00 PM of August 26, 1992: (s) line pixel vaues of the black-white sieps for both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized acrosol
MTFP , derived from the ratio of the far target FFT (o the near target FFT. Values for §, ¢, and MTFy, are included.
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Figure 66. Data from 12:00 P.M. of August 26, 1992: (a) line pixel vatues of castellated black-white stripes for

23
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Mwmﬁ)wﬂbdvuﬂﬁqmywo{boﬁmwauwm
values shown; (¢) turbulence, MTF, , derived from the ratio of the fir 10 neer target frequency response.

Cutoff frequency, fy , for MTF, is included.
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Figure 67. Data from 7:00 AM of August 25, 1992: (o) line pixel values of the black- white steps for both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized acrosol
Mpr.daivedﬁcmlheuﬁooﬂhefuwwmwmenelhrﬁm. Vduesﬁlfﬁt.mdmbnindmbd.
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Cutolf frequency, g . for MTFy is included. 13
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Figure 68. Data from 7.00 A M. of August 25, 1992: (s) line pixe] values of castellated black-white stripes for
Mwma)mwmmwwmqmwbuduuwpu
vduashown;(c)ubnlenee.m..dmvedﬁunlber&odmefu.buwmm
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Figure 69. Data from 9:30 AM of August 25, 1992: (s) line pixel values of the black-white steps for both targets;.
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized serosol
MTF, , derived from the ratio of the fa target FFT to the ncar target FFT. Values for , 1, and MTFy, are included
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Figure 70. Data from 9:30 AM. of August 25, 1992: (s) line pixel values of casteliated black-white stripes for
Mwm@)mﬁudmﬁdﬁqmymmdmwwbnndmmwm
Nmm;(c)uwm.m..daivdﬁmhrdodhhbmwwhqmym

Cutoff frequency, f; . for MTF, is included. 115 *
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Figure 71. Data from 12:00 PM of August 25, 1992: (s) ine pixel values of the black-white steps for both targets;
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) normalized serosol
Mer.daivdﬁommenﬁodmefumguFFTb(bewmﬂT. Values for £, 1, and MTFy, are included.
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Figure 72. Data from 12:00 P.M. of August 25, 1992: (a) line pixel values of castellated black-white stripes for
botb targets; (b) normalized spatial frequency response of both targets based on the corresponding pixel
values shown; (c) turbulence, MTF, , derived from the ratio of the far (0 near target frequency response.
Cutoff frequency, fgg . for MTF, is included. .
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Figure 73. Dsta from 7:00 AM of August 21, 1992: (s) line pixel values of the black-white steps for both targets;,
o)mdmnumadmmwmnummpm&ummm (c) normalized acrosol
Mﬁp.daivdﬁommenﬁodtbefnwgdmhmewmgum. Values for f., 1, and MTFy, are included.
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Figure 74. Data from 7:00 A M. of August 21, 1992: (a)linepixelvaluaol’cm!wedbhck-whitfwipufc
bahw;aa(b)mdhedspaﬁdﬁeqmymofbuhmwhmdmhmmm
values shown; (c) turbulence, MTF, , derived from the ratio of the far 10 near target frequency response.
Cutoff frequency, L . for MTF is included. 119
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Figure 7S. Data from 12:00 PM of August 21, 1992: (‘)lﬁepixdvénadlbebhck—whiu@chboﬁhﬁ
(b) normalized, line FFTs of both targets based on the corresponding pixel values shown; (c) nonnalized serosol
Mﬁp.daivedﬁvmﬂnmioo(mefctugdmwt!nwwgdm. Values for £, t, and MTFy, are included.
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Figure 76. Data from 1200 PM. of August 21, 1992: (s) line pixel values of castellatod black-white stripes for

Mmm@)maﬁqunﬁd&wmxdwmmbmdmhww
values shown; (c) trbulence, MTF, , derived from the ratio of the far 10 near target frequency response.

Cutolf frequency, fq . Sor MTF is included.
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